Since the first definition of sepsis and septic shock was established ([@R1]), mortality and morbidity have remained high in patients with severe sepsis and septic shock despite decades of medical advances. Lipopolysaccharide, a bacterial endotoxin, is thought to play a key role in the pathogenesis of sepsis ([@R2]). Danner et al ([@R3]) found that multiple organ failure and left ventricular depression occurred more frequently in endotoxemic septic shock patients than in endotoxin-undetectable septic shock patients, and that endotoxemia was associated with high mortality. Polymyxin B is a cyclic cationic polypeptide antibiotic derived from *Bacillus polymyxa*; it exhibits antimicrobial activity against Gram-negative bacteria and can bind and neutralize endotoxin ([@R4]). An endotoxin removal cartridge has been developed using polymyxin B as an immobilized adsorbent for polymyxin B hemoperfusion (PMX-HP) ([@R5]).

After the introduction of PMX-HP, several studies have determined its clinical efficacy for patients with severe sepsis and septic shock ([@R6]--[@R8]). Nemoto et al ([@R6]) reported that PMX-HP treatment significantly improved the overall survival compared with that of the control group (41% vs 11%; *p* = 0.002). The Early use of polymyxin B hemoperfusion in abdominal septic shock (EUPHAS) trial also showed reduced mortality and improved hemodynamics and pulmonary oxygenation ([@R7]). A meta-analysis published in 2011 confirmed these beneficial effects ([@R8]). However, two recent studies have shown controversial results. The first study by Iwagami et al ([@R9]) did not show any survival benefit for PMX-HP treatment in patients with abdominal septic shock. The second study, a randomized controlled trial (RCT), showed a nonsignificant increase in mortality after PMX-HP treatment in patients with peritonitis-induced septic shock ([@R10]).

The discrepancy in the results of studies may be attributed to the severity of severe sepsis and septic shock. In the present study, we hypothesized that PMX-HP treatment improves clinical outcomes only in the target population of patients with high disease severity. We performed a systematic review and meta-analysis and a disease severity subgroup meta-analysis and a meta-regression analysis of the effects of PMX-HP treatment on mortality in patients with severe sepsis and septic shock.

METHODS
=======

Search Strategy and Study Selection
-----------------------------------

We searched for the following terms in the databases of PubMed, Embase, and Cochrane Library from inception to May 2016: "PMX" or "polymyxin B hemoperfusion" and "septic shock." We did not apply any language restriction when searching for these terms. For study selection, we initially screened the titles and abstracts. We included studies that met the following criteria: 1) adult patients with septic shock; 2) RCT, propensity-matched cohort study (prospective or retrospective), or historically controlled study; 3) patients received at least one course of PMX-HP treatment; and 4) studies reporting the outcomes of the investigation of the prognostic and hemodynamic variables of PMX-HP treatment in patients with sepsis. The exclusion criteria were as follows: 1) inadequate study type or modality; 2) animal studies; 3) trials involving neonates or pediatric patients; and 4) data on mortality could not be obtained. Two reviewers (T.C., C-T.L.) independently performed screening, and disagreements were resolved by consensus. If an agreement could not be reached, the opinion of a third reviewer (Y-C.Y.) was considered at the conclusion of the screening process.

Data Extraction and Quality Assessment
--------------------------------------

We extracted data into one file modified from the data extraction template of the Cochrane Consumers and Communication Review Group. The following data were extracted from original articles: name of the first author and publication year, subjects and setting, grouping strategy, enrollment period, mean age of the study population, sample size, male percentage, clinical results before and after intervention (including mortality and blood pressure, either as systolic blood pressure or mean arterial pressure \[MAP\]), Sequential Organ Failure Assessment (SOFA) score, pulmonary oxygenation (Pa[o]{.smallcaps}~2~/F[io]{.smallcaps}~2~ ratio), and blood levels of endotoxin and cytokines. Any concomitant intervention was also extracted and recorded.

For RCTs, the quality of eligible trials was assessed using the tool of risk of bias summary according to Review Manager software, version 5.3 (Review Manager; The Nordic Cochrane Centre, Copenhagen, Denmark). For non-RCTs, the risk of bias was assessed using the assessment tool of Risk Of Bias in Non-randomized Studies of Interventions ([@R11]) and was further graphically summarized using Review Manager software, version 5.3 (The Nordic Cochrane Centre). Publication bias was assessed by visual inspection of a funnel plot and by using Egger test. Two investigators independently performed extraction and risk of bias assessment.

Data Synthesis and Analysis
---------------------------

Study characteristics, the timing of mortality assessment of each study, and the reported mortality of the PMX-HP and conventional treatment groups were summarized. In addition, pre/posttreatment change in MAP, Pa[o]{.smallcaps}~2~/F[io]{.smallcaps}~2~ ratio, SOFA score, and levels of endotoxin and humoral cytokines of PMX-HP and conventional treatment groups were summarized. The outcomes were analyzed using the DerSimonian-Laird random effect models, concerning potential high heterogeneity among studies. Risk ratios (RRs) for overall mortality, with a 95% CI, for the PMX-HP and conventional treatment groups were calculated and presented as summary statistics.

Disease severity subgroup random effect meta-analysis was performed to assess the effects of PMX-HP treatment on mortality in patients with different disease severities. The included studies were stratified into three groups based on the mortality rates of the conventional treatment group: low-risk group (mortality rate \< 0.3), intermediate-risk group (0.3--0.6), and high-risk group (\> 0.6). RRs with a 95% CI for the mortality-stratified analysis between the PMX-HP and conventional treatment groups were calculated and presented as summary statistics. Furthermore, studies reporting 28- or 30-day mortality rates were selected specifically for disease severity subgroup meta-analysis. RCTs and non-RCTs were separated and compared by subgroup meta-analysis using random effects analysis. In addition, inverse variance method was also used to determine if there is heterogeneity between the two subgroups. The RCTs and non-RCTs were specifically divided into two individual disease severity subgroup meta-analyses.

Both linear and restricted cubic splines nonlinear meta-regression analyses were performed to test the relationship between the baseline mortality rate in the conventional treatment group on the mortality ratio between PMX-HP group and conventional treatment group. Statistical heterogeneity was assessed using Cochran's Q through the chi-square test and was quantified using the *I*^2^ test. Publication bias was assessed by examining asymmetry of the funnel plot. Statistical analysis was performed using STATA/SE 13 (Stata Corp LP, College Station, TX). The results were considered statistically significant when the two-sided *p* value was less than 0.05.

RESULTS
=======

Search Results and Trial Characteristics
----------------------------------------

A total of 554 publications were identified using our search strategy, and only 17 papers were included for systematic review and meta-analysis. **Figure [1](#F1){ref-type="fig"}** shows the study selection flowchart. **Table [1](#T1){ref-type="table"}** summarizes the characteristics of the included individual studies (**[@R6], [@R7], [@R9], [@R10], [@R12]--[@R24]**). **Figure [2](#F2){ref-type="fig"}** shows the quality assessment of eligible RCTs and non-RCTs, respectively. **Supplementary Figure 1** (Supplemental Digital Content 1, <http://links.lww.com/CCM/C506>; **legend**, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>) presents the funnel plot. According to Egger test, publication bias was considered absent (*p* = 0.453). The effects of PMX-HP treatment on plasma endotoxin, cytokine levels, hemodynamics, pulmonary oxygenation, and SOFA score are detailed in **Supplementary Table 1** (Supplemental Digital Content 2, <http://links.lww.com/CCM/C507>).
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Effect on Mortality
-------------------

**Supplementary Figure 2** (Supplemental Digital Content 3, <http://links.lww.com/CCM/C508>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>) illustrates the meta-analysis of the 17 included studies. The pooled RR of overall mortality was 0.81 (95% CI, 0.70--0.95; *p* = 0.007) for PMX-HP treatment. **Figure [3](#F3){ref-type="fig"}** demonstrates the disease severity subgroup meta-analysis of overall mortality. Significant risk reductions were observed in both intermediate- and high-risk groups (RR, 0.84; 95% CI, 0.77--0.92 and RR, 0.64; 95% CI, 0.52--0.78, respectively), but not in the low-risk group (RR, 1.28; 95% CI, 0.89--1.84). Tests of heterogeneity were insignificant in all groups. **Supplementary Figure 3** (Supplemental Digital Content 4, <http://links.lww.com/CCM/C509>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>) presents the disease severity subgroup meta-analysis of 28- or 30-day mortality. **Supplementary Figure 4** (Supplemental Digital Content 5, <http://links.lww.com/CCM/C510>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>) presents the separate subgroup meta-analysis of RCTs and non-RCTs, and the RR was 0.73 (95% CI, 0.47--1.15; *p* = 0.172) in the RCTs and 0.85 (95% CI, 0.73--0.98; *p* = 0.03) in the non-RCTs. The separate disease severity subgroup meta-analysis of overall mortality for the RCTs and non-RCTs are depicted in **Supplementary Figure 5** (Supplemental Digital Content 6, <http://links.lww.com/CCM/C511>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>) and **Supplementary Figure 6** (Supplemental Digital Content 7, <http://links.lww.com/CCM/C512>; legend, Supplemental Digital Content 8, <http://links.lww.com/CCM/C513>), respectively. In disease severity subgroup meta-analysis for RCTs, there is a trend of greater risk reduction in the higher risk group (RR, 0.509; 95% CI, 0.25--1.05; *p* = 0.067). Linear meta-regression analysis revealed an inverse relationship between the baseline mortality rate in the conventional treatment group and reduction in the risk of mortality (RR, 0.67; 95% CI, 0.55--0.82; *p* = 0.001). The results of separate linear meta-regression analysis of RCTs and non-RCTs were as follows: RCTs (RR, 0.55; 95% CI, 0.23--1.29; *p* = 0.11) and non-RCTs (RR, 0.71; 95% CI, 0.55--0.93; *p* = 0.018). The nonlinear meta-regression with restricted cubic spline showed an almost linear inverse association between the baseline mortality rate and reduction in the risk of mortality (**Fig. [4](#F4){ref-type="fig"}**).
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DISCUSSION
==========

This systematic review demonstrates that PMX-HP treatment may reduce mortality in patients with severe sepsis and septic shock. In disease severity subgroup meta-analysis, a significant risk reduction of overall mortality was observed in the intermediate- and high-risk groups, but not in the low-risk group. Meta-regression analysis revealed an almost linear inverse association between the baseline mortality rate in the conventional treatment group and reduction in the risk of mortality.

There are three major differences between this study and the study by Mitaka and Tomita ([@R8]). First, we used disease severity subgroup meta-analysis to demonstrate that PMX-HP treatment reduces morality in the intermediate- and high-risk groups, but not in the low-risk group. Second, we referred to more recent studies with less favorable outcomes. Third, we used meta-regression analysis to reveal the inverse association between the baseline mortality rate and reduction in the risk of mortality. One notably concern is that the older studies demonstrated more favorable outcomes after PMX-HP treatment compared with recent studies. Because of early diagnosis and resuscitation of severe sepsis and septic shock in current critical care, the mortality rate has markedly decreased overtime in recent studies. However, it may indicate that the mean mortality is lower, and there still remains a population of septic patients with higher disease severity currently. We must ensure that these patients benefit from the PMX-HP treatment.

In addition to the severity of severe sepsis and septic shock, several other factors may contribute to the discrepancy in the effects of PMX-HP treatment on mortality among studies. First, time to initiation of PMX-HP treatment is crucial. Takeyama et al ([@R25]) reported that patients who received PMX-HP treatment within 6 hours after being diagnosed with septic shock had a significantly shorter duration of ventilatory support and a lower catecholamine requirement. Second, acute kidney injury has been reported to amplify the sepsis cascade induced by endotoxin ([@R26]--[@R28]). Iwagami et al ([@R9]) failed to demonstrate any survival benefit of PMX-HP treatment in their retrospective propensity-matched analysis. More recently, however, they reported a significant survival benefit of PMX-HP treatment for septic shock patients complicated with acute kidney injury using the same database ([@R24]). This finding is consistent with our meta-analysis, which indicates that selecting the appropriate target population is crucial for PMX-HP treatment. Furthermore, we identified one study in our systematic review that reported a higher mortality rate in their PMX-HP--treated group ([@R15]). Thus, we suggest that the complications of PMX-HP treatment, including hemodynamic instability, coagulation, and technical problems, should be carefully monitored ([@R10]).

A major limitation of our systematic reviews is that we included RCTs and non-RCTs for meta-analysis. The included non-RCTs in the present review may be at risk of bias because of confounding factors. However, the number of double-blinded, large-scale RCTs of PMX-HP treatment for severe sepsis and septic shock is limited.

The present review has several other limitations. First, the timing of the initiation of PMX-HP treatment differed among the included studies. Second, our study focused on short-term outcomes. Third, although our study suggests that patients with high disease severity may benefit more from PMX-HP treatment, most studies might exclude patients with extremely high disease severity with a mortality rate of greater than 90%.

CONCLUSION
==========

This study revealed that PMX-HP treatment may reduce mortality in patients with severe sepsis and septic shock. Furthermore, the disease severity subgroup meta-analysis indicated a survival benefit related to PMX-HP treatment in the intermediate- and high-risk groups, but not in the low-risk group. We believe that selecting appropriate patients for PMX-HP treatment is crucial to improve patient survival. Additional RCTs targeting selected patients with high disease severity may be warranted to define the clinical role of PMX-HP in current critical care.
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